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I. INTRODUCTION

In a system designed to convert stored electrical energy to the energy of
mechanical motion one is likely to produce large forces on the structure in
addition to the desired forces. The problem of deflections of current carry-
ing conductors and their effects on busbar supports has been studied in the

power utility industry,I and more recently, in the development of electron

magnetic launchers.2' 3',4 The problem with busbars in the utility industry is
aggravated by their having natural frequencies of a few hundred hertz so that
mechanical resonance may be possible. During operation, electromagnetic
launchers must cope with even higher transient currents than the utility in-
dustry must contend with under short circuit fault conditions. With the anti-
cipated use of sequential pulsers (eg., Compulsators or other pulsed power
supplies designed for high rate of fire) the EM gun community may also have to
contend with resonance. In any of these cases, the failure of support struc-
tures resulting from transient magnetic forces can lead to degraded perfor-
mance or catastrophic failure. A study of the structural behavior of a me-
chanical system can assist in preventing failure and optimizing the design for
a given performance. In developing railguns as efficient, long life devices,
an understanding of material deformation under pulse loading is necessary.
The bore's dimensional integrity is important for both the armature and the
projectile as they travel the length of the rail pair. Deformations may
affect not only in bore conditions such as friction, balloting, and launch
attitude, but also armature function; the fit of the armature to the bore is
critical since the armature must complete the rail to rail circuit by main-
taining two high current, sliding, electrical contacts.

The railgun type of electromagnetic launcher has been widely studied.
The essential features of the railgun are shown in Fig. 1. In the simplest
form of the device, current is applied to a normally stationary, parallel pair
of conducting rails. A conductor, either solid or gaseous, free to slide be-
tween the rail pair, completes the circuit and also carries the same current.
The moving conducting element is called the armature. The interaction between
the current and its magnetic field produces a force tending to expand the cur-
rent carrying loop; this leads, of course, to acceleration of the armature.
Unfortunately, the same interaction which produces projectile acceleration
also produces a transient, bore-distorting, replusive force between the rails.

Interferometry is a technique which can be used to measure change in dis-
placement of an object. Figure 2 is a schematic of a simple laser interfero-
meter which shows the process of splitting a beam of coherent, monochromatic
light into two beams. Beam A-D, the reference beam, never changes in length;
beam A-B-C, the object beam, is reflected by the objects that will be moving.
Both beams are reflected back on themselves and recombine at the splitter.
This phase difference with different path lengths produces either constructive
or destructive interference of the beams. As the path length of the object
beam changes the alternatively constructive and destructive interference pro-
duces a sequence of light and dark fringes. Since the fringes result from
phase difference in light of known wavelength a relationship between the num-
ber of fringes and movement of the object may be determined. In dynamic
tests, an oscilloscope records the time-varying output of a simple photode-
tector which senses the varying light intensity as fringes are produced. From
this record the actual change in rail separation versus time may be determined.

Wil1 1 . !1, 11 1 '
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PROJECTILE
RRMPTURE

Figure 1. Essential Features of an Electromagnetic Railgun.
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In the work reported here, two sets of experiments were performed. The
first consisted of a pair of rudimentary conducting fixed parallel aluminum
beams, pulsed with currents less than 5,000 amperes, and the second was a short
electromagnetic railgun barrel section designed for a peak pressure of 1.0 GPa
(145 ksi) and pulsed with currents greater than 100,000 amperes.

II. INTERFEREROMETER ARRANGEMENT

The interferometric components and their arrangement employed in both the
table top experiments (aluminum beams) and the short barrel experiments are
shown in Fig. 2. The laser light is divided by the beam splitter into re-
ference and object paths. The path A-B-C-B-A changes length as the rails
separate, the path A-D-A remains fixed. As mirrors B and C move apart, the
interference pattern shifts at the detector. A path length change in A-B-C-B-A
of one wavelength moves the fringe pattern by a given distance across the
detector. An interference pattern of light and dark fringes is created similar
to that shown in Fig. 3.

To determine how many fringes pass in front of the detector for a given
change in rail pair separation let us assume that each mirror moves a distance
of 6/2 , refer to Fig. 4. The original optical path is A-BI-C1-BI-A and the
displaced path is A-B2-C2-B2-A. It can be seen that the total displaced path
A-B2-C2-B2-A is longer than the original path A-B-CI-BI-A by an amount equal
to 2 6. The number of fringes passing the detector is 2 6/A, where A is the
laser wavelength. Therefore the number of voltage waveform cycles per unit
time on the oscilloscope is proportional to the rail pair separation change per
unit time and is given by:

6(t) = N(t) * A/2

where N(t) is the number of detected peaks occurring in unit time.

III. EXPERIMENT: MECHANICAL AND ELECTRICAL

The table top experimental set-up and circuit used to provide power are
shown schematically in Fig. 5. The aluminum rails are 2.286 mm (0.09 inch)
thick, 146 mm (5.75 inches) long and 38.1 mm (1.5 inches) high with a nominal
rail-to-rail separation distance of 25.4 mm (1 inch). Only the breech and
muzzle ends of the rails are anchored to fiberglass/epoxy laminate (G-11) sup-
ports. At the breech a 5/8-inch bolt into a copper block is used to connect
the current leads (12 gage wire) to the rails. Since no projectiles were used,
the rails were shorted at the muzzle using two 3/8-inch steel bolts. The
mirror, C, is mounted to one rail with double sided tape while the other
mirror, B, is held at a 45 degree angle by a plexiglass mount attached to the
other rail in the same manner. Both mirrors were located at the axial and
transverse center of the rails.

The pulsing circuit for the table top experiment was designed to provide
a current rise time of 120 microseconds which was expected for the short
barrel experiments. The required total inductance for the table top pulser

4

'1' ~''M I1



I

I

Figure 3. Illustration of an Interference Fringe Pattern.
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was calculated to be:

L 2 / 2 C
tot pk

where tpk is the time for current to reach peak and Cap is the pulser
capacitance. This yields an inductance of 4.4 microhenries. Most of this
inductance (4.0 microhenries) has to be provided by an inductor in the form of
a single layer solenoid. Using 12 gage wire and a 4-inch diameter form, the
required number of turns to obtain an inductance of 4 microhenries is found

from:

N = EL * (9a + 10b)] 4/a

where, L is the inductance in microhenries, a is the mean radius of the sole-
noid and b is the length of the solenoid in inches. The calculated maximum

obtainable bank current (resistance included) with the bank fully charged is
4973 amperes. This translates to an applied load per unit rail length of 153
N/m (0.88 lb/in) to the rail surface. For this static beam analysis predicts
a maximum bore deflection of 24 micrometers (0.94 mils) at maximum charge.

A Rogowski coil was used to measure the circuit di/dt. The coil has an
output conversion factor of 15.9 amps/volt-microsecond. The optical fringe
detector consisted of a RCA hybrid silicon photodiode with integral preampli-
fier module. The output of the circuit was fed into a capacitive AC coupler
with a 50-ohm terminator. The data was collected using a Nicolet 2090
oscilloscope.

For the short barrel experiments a different power source was used and is

described elsewhere. 6'7 Also, the mirrors were mounted in the bore and at-
tached to the rails with epoxy. The interferometer was set up much the same
way as for the table top experiment. The available current for these tests
was greater than 100,000 amperes. Since the system energy was larger than in
the table top experiments much more rigid optical supports were needed to
control vibrations.

IV. OPTICAL AND MECHANICAL CONSIDERATIONS

The optical equipment was set up with several considerations in mind.
First, the optical path differences must be within the coherence length of the
laser. Since this length was unknown, any problem was circumvented by making
the path lengths nearly equal.

A second consideration was the system's sensitivity. Because the inter

ferometer will measure displacements smaller than an optical wavelength, ex--
tremely small vibrations result in fringes passing the detector. To avoid
these small vibrations the apparatus was assembled on a massive board isolated
by mounts of low stiffness. Thus, only low amplitude, low frequency vibra-
tions were transferred to the equipment. The movement of the rails during a

8
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current pulse produced temporal changes in the interference pattern which are
significantly higher in frequency than those produced by external vibrations
within the test area.

To avoid unwanted interference patterns that occur when the beam is
reflected back on itself at the unsilvered interfaces of the beam splitter,
the splitter was tilted slightly requiring mirror I'D" to be moved for compen-
sation. Now the two paths A-D and A-B in Fig. 2 become non-perpendicular and
secondary interference patterns do not appear where the detector is located.
Secondary reflections at the flat mirrors were eliminated by the use of front-
surface silvered mirrors.

In the short barrel, high current experiments the two rail mirrors were
unintentionally misaligned slightly and this resulted in the incoming beam,
A-B being off axis with the return beam, B-A. This was compensated by adjust-
ment of the trajectory of the incoming beam. Also, the reference beam optics
were mounted on a 1 inch thick, G-11 platform bolted to the muzzle end of the
barrel. A fiber optic cable transmitted the interference pattern to the
detector a few meters away.

The above considerations were generally easy to compensate for and did
not significantly hinder the experiment once the initial set-up was refined.

V. RESULTS

In the table top experiment the capacitor bank current was limited to
less than 5000 amperes. There was no containment structure to keep the
aluminum rail pair from deflecting. In this configuration it was foun, that
measurable deflections occurred even with low currents. The short barr'l
section structure was designed for a peak pressure of 1.0 GPa (14J5 ksi) and
therefore currents greater than 100,000 amperes were needed to produce (ptect-
able bore deflections.

Five tests were performed on the table top experiment at different b _nk
energies. For each energy similar waveforms were observed. A typical de-
tector waveform output recorded on a Nicolet 2090 oscilloscope is shown in
Fig. 6a. The expansion of this waveform for the first 800 microseconds is
shown in Fig. 6b. In the first 800 microseconds 43 fringes moved across the
detector. The velocity of the rails is directly related to the instantaneous
frequency of the output signal. Maximum velocity was reached near 300 micro-
seconds. The aluminum rails used in the table top experiment exhibited a
slightly damped oscillatory motion from a single current Pulse. One complete
cycle of mechanical oscillation was observed to have a frequency of 280 hertz.
The current and deflection curves versus time far one test are plotted in Fig.
7. Figure 8 is a summary plot of peak current (at 115 microseconds) versus
peak bore deflection (at 728 microseconds) for the five small 3cale tests.
The bore deflections scale as the square of the current.

Two tests were performed on the short barrel section- one where 110,000 -

amperes was delivered to the barrel section (capacitor voltage =1000 volts), 1*

and one where 314,000 amperes was produced (capacitor voltage =2500 volts).
Shown in Fig. 9 is the optical fringe detector output for the higher current
test. This total trace is comprised of five separate waveforms, each recorded

9
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on a Tektronix 390 AD transient digitizer operated in the serial mode. The
reduced fringe detector signal amplitude concurrent with the lower signal

frequency is representative of peak deflection and approximately zero rail
velocity. This condition occurred twice; on the 24th fringe (131.5 micro-
seconds) and on the 65th fringe (380.5 microseconds). After the 74th fringe
(604 microseconds) rail movement has stopped and only background vibrations
are sensed by the detector. A plot of the bore expansion versus time for both
the low and high current tests, are shown in the bottom portion of Fig. 10.
The peak current (upper portion of Fig. 10) occurred at 112 microseconds while
the maximum bore deflection occurred between 117 and 143 microseconds.

In the tible top experiment the aluminum rails have moved less than 10%
of their peak deflection at peak current where as the short barrel-section
rails have moved 95% of their final deflection at peak current. Maximum
current in the table top experiment was 3600 amperes, and was 314,000 amperes
in the short barrel tests. The corresponding bore expansions obtained were
32.5 micrometers (1.28E-3 inches) and 7.6 micrometers (0.298E-3 Inches),
respectively.

VI. CONCLUSION

The laser interferometric technique has proven useful In making small,
dynamic deflection measurements in systems under large electrical and mechan-
Ical stress. The interference signal pattern was easily transmitted to the
detector a few meters away via a fiber optic cable. Two drawbacks to this
technique become evident when recording and analyzing the data. First, for
large deflections a trade-off has to be made between the sampling rate and the
window width of the oscilloscope. Second, with this technique the interfero-
meter measures separation change without indicating whether the rails have,
expanded, contracted, or translated together. This can produce some ambiguity
in the data reduction if the initial direction of rail motion is not known.
The maximum separation occurs when the waveform becomes reduced in both fre-
quency and amplitude. When no rail motion Is occurring only system vibrations
are observed by the detector and these appear as slight noise in the signal.
The needed accuracy in these experiments does not require the use of expensive
optical components although access to the proper equipment greatly facilitated
the set-up and alignment of the interferometer. The technique allows imme-
diate return of the data and excellent measurement accuracy.

With electromagnetic gun developers requiring much stiffer railgun bar-
rels this technique should provide a valuable tool for structural diagnostics

and verification of finite element analysis.
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